This study provides the first report of local suppression of follicle growth in vivo by the dominant follicle in humans. Analyses were focused on antral follicles ജ6 mm in diameter, classified as dominant (ovulatory) and challenger (large, non-ovulatory) follicles. We examined antral follicle characteristics, interactions and location in the ovary in the follicular phase of natural, ovulatory cycles in humans. Individual antral follicles (ജ2 mm) were identified and monitored using a system, developed by the authors, incorporating mapping and computer modelling from ultrasound imaging of the ovary. Results showed that antral follicle development was not restricted to a particular location in the ovary. The apparent randomization of location may provide a developmental advantage for follicles. The population of challenger follicles peaked at mid follicular phase, suggesting a period when the ovarian environment was supportive of larger antral follicle development. As ovulation date approached, however, challenger follicles did not attain the visible characteristics of dominance: mid-level echogenicity, large size, smooth antral wall, round shape. Furthermore, dominant follicles subsequently appeared to reduce the number of neighbouring challenger follicles. The results strongly suggest that a paracrine secretion of the dominant follicle was the source of this localized effect. This process may provide increased nutrient level and space at a critical growth stage for dominant follicles.
Introduction
A variable number of antral follicles grow during a cycle, but the majority become atretic and, in some cycles, no ovulation occurs. Thus when an antral follicle begins to grow during a menstrual cycle, it has a very limited chance of becoming a dominant, ovulatory follicle. Once dominant, the follicle may also have a restricted lifetime (Faúndes et al., 1996) . Only after ovulation from the follicle can an oocyte begin the process of contributing its genetic information to the next generation. This situation provides a competitive background for antral follicle growth. Failure to ovulate may rest with the oocyte, but responsibility may also lie with the follicle supporting the oocyte, neighbouring follicles and the ovarian environment. The effect of these factors may be seen in the follicular developmental pattern. Using a technique that we have developed (Gore et al., 1995a) , it is now possible to monitor follicle growth for individually identified antral follicles mapped in their ovary. Our results have also shown that a small number of follicles within an ovary grow to a large, pre-ovulatory size. The subsequently dominant follicle was usually not the first to attempt dominance, as also noted in cynomolgus monkeys by diZerega and Hodgen (1980) . We found that dominant follicles attained certain characteristics of mid level echogenicity, large size, smooth antral wall quality and round shape. It is not known whether the non-dominant antral follicles differ in visible characteristics by which ultimately dominant follicles could be identified early in the cycle. With our technique for identifying individual follicles, follicle characteristics can for the first time be compared among follicles and follicular population dynamics examined.
Once ovulation from the dominant follicle occurs, the oocyte must reach the oviduct to meet with spermatozoa. An oocyte ovulating from a follicle near the fimbral pole of the ovary would minimize delay in reaching the oviduct. BomselHelmreich et al. (1979) suggested that follicles could move to the fimbral pole, presumably at an early stage of development. It might therefore be expected that ovulating follicles would be found in the area of the ovary nearest to the fimbral pole.
A third factor affecting dominance status is follicle interaction. In monovular species such as humans, the dominant follicle appears to exert an inhibitory effect on the growth of other antral follicles (Zeleznik et al., 1985; Baird, 1987; Badinga et al., 1992) . Mechanisms suggested for this negative effect are largely associated with oestradiol produced by the dominant follicle. A locally mediated inhibition through a paracrine effect may result, causing neighbouring follicles to cease growing (Fortune, 1994; Reilly et al., 1996) . We noted that antral follicles immediately surrounding the dominant follicle disappeared prior to ovulation day in several cycles examined (Gore et al., 1995b) . It is not known what mechanisms might lead to this occurrence or what effect it has on the follicle population. We examined this phenomenon in the present study in relation to the possible differences in antral follicle type, population dynamics and timing of occurrence.
In the present study, we examined three factors which could affect follicular dominance in natural, ovulatory cycles. The study focused on antral follicles that reached a stage of development where they were dependent upon gonadotrophins for further growth. The outcome of the follicles allowed us to separate them into dominant (ovulatory) and challenger (nonovulatory) follicles. We compared dominant with challenger follicles for (i) differences in their developmental pattern over the follicular phase, (ii) interactions between follicles and the relationship to follicle outcome, and (iii) location of the follicles in the ovary with respect to an optimal ovulation site.
Materials and methods

Subjects
Healthy, cycling women with a mean cycle length of 26.7 Ϯ 2.2 days, between 24 and 38 (mean ϭ 28 Ϯ 4) years old, with no known reproductive problems, were voluntary subjects for this study. The women attended the artificial insemination (AI) clinic because of problems with the husbands' fertility.
Follicular monitoring, data collection and analysis
Antral follicles were monitored non-invasively using an ultrasound machine (Ultramark 9, ATL Inc., WA, USA). The follicular phase of 22 natural, spontaneous menstrual cycles where ovulation occurred were examined. The duration of the follicular phase varied between women. To account for this variation, the follicular phase was divided into three similar lengths for each woman. These three sections were categorized as early, mid and late follicular phase. The first day of menses was defined as day 1.
Antral follicles in each ovary were monitored daily in the morning, beginning with day 1, 2 or 3 of the cycle, using a 5 MHz intravaginal transducer. Follicles analysed in the present study refer to all antral follicles visible in the ovary through ultrasound. The lower visible limit of follicles was taken as ജ2 mm diameter (Pache et al., 1990; Bomsel-Helmreich and Al-Mufti, 1994) . Remnants of atretic follicles were not included in the data. To identify and monitor individual follicles, we used a method that we had developed for this purpose (Gore et al., 1995a) . Each ovary was scanned, the scan was recorded on videotape and the videotapes were then analysed. Data were obtained for each antral follicle on the X, Y and Z coordinates in the ovary, the size, echogenicity, antral wall quality and shape. The data were processed to produce a map of the follicles in the ovary in a three-dimensional, rotatable computer model. Thus models of follicles in the ovary could be compared from day to day and allow for potential displacement of the ovary (Ahmed Ebbiary et al., 1995) from one observation to another. Data from the images were then analysed using a location-correlation technique (Gore et al., 1995a) , to establish the probability of a follicle being identified in an ovary from one day to the next. The identification and characterization of each follicle was made by (i) examining parameters of each follicle obtained from ultrasound video material (see below), (ii) examining each follicle in the ovary of 3D models, (iii) using a correlation programme developed to predict follicle location and identification on consecutive days, and (iv) two-observer agreement. Follicles that could not be monitored for a minimum of three consecutive days were excluded from the analysis.
The visible characteristics of follicles were observed during the study for each follicle each day retrospectively. These characteristics were follicle echogenicity (coded 1-3 from least to highest), antral wall quality (coded 1-3 from smooth to rough), shape of follicle (coded 1-4 from spherical to least spherical) and size (mm diameter). Challenger follicle size (mm) was categorized as 6.5-Ͻ8, 8-Ͻ9.5, 9.5-Ͻ11, 11-Ͻ12.5, 12.5-Ͻ14 and ജ14. Follicle types were categorized as (i) dominant, (ii) challenger in the ipsilateral (dominant) ovary and (iii) challenger in the contralateral (non-dominant) ovary. A dominant follicle was defined as an antral follicle that subsequently 2742 ovulated. The status of the follicle was assigned retrospectively. Challenger follicle referred to a non-ovulatory antral follicle that reached a stage (ജ6 mm in diameter) where gonadotrophins are crucial for further growth (Westergaard et al., 1990) . Growth at this stage is relatively rapid (Gougeon, 1993) and the follicle is defined as a challenger for dominant status.
The sections of the ovary where dominant and challenger follicles were located were noted. From the X, Y and Z coordinates of each follicle in the ovary, the follicles were assigned to one of five locations. Locations were analogous to quarter hours on a clock face, clockwise for the right ovary and anti-clockwise for the left ovary, to allow for relative position of the fimbrial end of the ovary. The midlateral section of the ovary was assigned as the fifth location.
As ovulation day approaches, a zone around the dominant follicle devoid of visible antral follicles has been observed (Gore et al., 1995b) . It is not known, however, if the phenomenon is confined to dominant follicles or what effect it might have on neighbouring follicles. We examined the effect for both dominant and challenger follicles, as well as for neighbouring follicles, in the present study. The zone, or corona, was designated as being at least 6.5 mm wide in radius from the focal follicle, this being the minimum size of a challenger follicle. Furthermore, the corona should appear within 24 h of an observation of the ovary.
Analyses of the data from the study were performed using Statistica 5.0B (StatSoft Inc.) software.
Results
Challenger and dominant follicle development
It is not known how early differences might occur in growth pattern or visible characteristics of dominant and challenger follicles. We therefore compared characteristics and growth of dominant and challenger (both ipsilateral and contralateral) follicle types over the follicular phase. The three follicle types did not show differences in size in the early phase (ANOVA: F typeϫphase (4,28) ϭ 45.9, P Ͻ 0.0001; LSD test: Table I ). In the mid and late phases, the dominant follicle was significantly larger than challenger follicles in either ovary (Table I) . By the late phase, challenger follicles in the ipsilateral ovary were significantly larger than those in the contralateral ovary (Table  I) . Dominant follicles were less echogenic and had a rounder shape than the two challenger follicle types [F type (2,14) ϭ 8.5, P ϭ 0.004; F type (2,14) ϭ 9.9, P ϭ 0.002, respectively; Table I ]. The two challenger follicle types did not differ in echogenicity or shape (Table I) ; nor was cycle phase associated with echogenicity or shape [F typeϫphase (4,28) ϭ 1.1, P ϭ 0.4; F typeϫphase (4,28) ϭ 0.4, P ϭ 0.8, respectively]. Antral wall quality did not differ among the three follicle types in the early or mid phases [F typeϫphase (4,28) ϭ 4.3, P ϭ 0.008, Table  I ]. By late follicular phase, dominant follicles had a smoother wall than either challenger type, while no difference was noted between challenger types (Table I ). In summary, dominant follicles were less echogenic and rounder than either challenger follicle type. By mid phase, dominant follicles were larger and by late phase, they were not only larger but they had a smoother antral wall. Challenger follicles in the ipsilateral ovary in late phase were larger than those in the contralateral ovary.
We then examined the number of challengers present during the cycle. Mean number of challenger follicles per day for the two challenger follicle types over the follicular phase were compared. Mean number did not differ between challenger type in early phase [F typeϫphase (2,42) ϭ 5.7, P ϭ 0.007; Table  I ]. By mid follicular phase, the mean number peaked in the ipsilateral ovary and it was significantly higher than in the contralateral ovary (Table I) . Thus the number of challengers peaked at mid follicular phase in the same ovary as the dominant follicle became established. By late phase, mean number of challenger follicles in the ipsilateral ovary was significantly lower than in the contralateral ovary where challenger follicles were also smaller in size (Table I) .
Coronas occurring around follicles
Coronas around 18 follicles were observed, occurring in 14 of the 22 cycles analysed. Coronas observed were found around dominant follicles but not around challenger follicles. Figure  1 shows an example of the appearance of a corona around a dominant follicle during the 24 h between observations. We investigated when in the follicular phase coronas occurred. Days on which a corona was observed were compared with days on which no corona occurred in an ipsilateral ovary.
Results showed that the occurrence of coronas was not distributed evenly over the follicular phase (χ 2 ϭ 25.4, df ϭ 2, P Ͻ 0.001), that is, no corona occurred in the early follicular phase, while 83% appeared in the late follicular phase, as ovulation day approached. When a corona occurred, antral follicles disappeared from the area around the dominant follicle, as seen in Figure 1 . The fate of potential competitors, challenger follicles, was a focal interest in this study. We compared mean number of challenger follicles found in the ovary on the day before with the day of a corona occurring. The mean number of challenger follicles 2743 was reduced drastically in the ipsilateral ovary (Wilcoxon matched-pairs signed-rank test: n ϭ 18, t ϭ 1, Z ϭ 3.2, P ϭ 0.001, mean: 5.4 and 1.9, respectively), but not in the contralateral ovary (n ϭ 18, t ϭ 27.5, Z ϭ 0.9, P ϭ 0.4, mean: 5.0 and 5.9, respectively). A reduction in challenger follicles was therefore limited to the ovary in which a corona formed. A reduction in mean number would suggest less volume in the ovary occupied by challenger follicles. The estimated surface area occupied by challenger follicles was significantly reduced from the day before (~925 mm 2 ) to the day of a corona (~356 mm 2 ) (n ϭ 18, t ϭ 4, Z ϭ 3.4, P ϭ 0.0006) in the ipsilateral ovary.
We then examined challenger follicles persisting in more distant areas of the ovary when a corona occurred. In the ipsilateral ovary, challenger shape was significantly more spherical on the day of a corona than on the day before (Mann-Whitney U-test: U ϭ 1280, Z ϭ -2.0, P ϭ 0.044). Challenger size, echogenicity and antral wall quality did not vary significantly (U ϭ 1440, Z ϭ -0.9, P ϭ 0.4; U ϭ 1434, Z ϭ -0.9, P ϭ 0.4; U ϭ 1441, Z ϭ -1.1, P ϭ 0.3, respectively). In the contralateral ovary, challenger echogenicity was significantly higher (medium) on the day of a corona than on the day before (low-medium) (U ϭ 3731, Z ϭ -2.0, P ϭ 0.003). Challenger size, antral wall quality and shape again did not differ (U ϭ 4575, Z ϭ -0.6, P ϭ 0.6; U ϭ 4620, Z ϭ -0.4, P ϭ 0.7; U ϭ 4429, Z ϭ -0.9, P ϭ 0.4, respectively).
A dominant follicle thus appeared to have a negative local effect on surrounding challenger follicles. The possibility that dominant follicles themselves might also be affected by the process resulting in a corona was also examined. Comparing day before with the day of a corona, however, no change in dominant follicle size, echogenicity, antral wall quality or Figure 1 . Example of day before and day of corona formation around the dominant follicle in one woman, from 3-D model of ovary. Spheres represent follicles, grid pattern and symbols represent follicle characteristics. Grid pattern: echogenicity is represented by the closeness of the grid lines from high (furthest apart) to medium to low (closest together); antral edge quality is represented by the completeness of the grid line from complete (smooth) to intermediate (dotted) to rough (broken). Symbols: the shape of the follicle is represented as round when no symbol is present in a sphere, a star represents an oval shape, a rectangle represents a rectangular shape and a triangle represents a triangular shaped follicle. Note that as the dominant follicle (DOM) is frequently located peripherally in the ovary, the corona appears to occur only on one side of the dominant follicle. Day 11, right ovary: note medium to large follicles near to dominant follicle. Day 12, right ovary: note disappearance of follicles and presence of new, small antral follicles.
shape was found (Mann-Whitney U-test: U size ϭ 125.0, Z ϭ -0.9, P ϭ 0.4; U echog. ϭ 147.5, Z ϭ -0.2, P ϭ 0.8; U wall ϭ 148.5, Z ϭ -0.2, P ϭ 0.9; U shape ϭ 151.0, Z ϭ -0.1, P ϭ 0.9). Thus visible follicle characteristics did not change in dominant follicles associated with a corona, but perhaps they differed from dominants that were not associated with a corona. Comparing dominant follicles from cycles with and without coronas on day before ovulation, there does not appear to be a difference in size (Mann-Whitney U-test: U ϭ 47.0, Z ϭ -0.6, P ϭ 0.5), echogenicity (U ϭ 50.0, Z ϭ -0.5, P ϭ 0.6), antral wall quality (U ϭ 91.5, Z ϭ -0.04, P ϭ 0.9), or shape (U ϭ 52.5, Z ϭ -0.3, P ϭ 0.8). That is, dominant follicles in cycles with or without corona formation did not differ significantly in their visible characteristics around ovulation day.
These analyses showed that coronas generally occurred around relatively larger dominant follicles late in the follicular phase. Dominant follicles were associated with corona formation when more than one challenger follicle was present at midcycle. Dominant follicles did not, however, alter their visible characteristics as a result of corona formation. Challenger follicles that persisted in more distant areas of the ovary were fewer in number and rounder in shape.
Location in the ovary
The number of preovulatory dominant follicles found at each location in an ovary was compared to determine whether ovulation site was randomly distributed. No significant difference was found in the number of dominant follicles among the five locations (Kolmogorov-Smirnov one-sample test: D ϭ 0.16, n ϭ 22, P Ͼ 0.05). Overall, 41% of dominant follicles ovulated from a location furthest from the fimbria, while 23% ovulated near to the fimbria. Dominant follicles from the five locations did not differ in size, echogenicity, antral wall or shape (Kruskal-Wallis ANOVA: n ϭ 22, df ϭ 4; H size ϭ 3.28, P Ͼ 0.05; H echog. ϭ 2.85, P Ͼ 0.05; H wall ϭ 4.05, P Ͼ 0.05; H shape ϭ 1.96, P Ͼ 0.05). Furthermore, no significant difference in location was found for individually identified challenger follicles in the ipsilateral ovary (Friedman two-way ANOVA: χ r 2 ϭ 1.82, n ϭ 20, df ϭ 4, P Ͼ 0.05).
Discussion
The onset of antrum formation is an important developmental threshold in follicles. Follicles can enter the process of antral development at all stages of the cycle. Many studies have contributed to the knowledge of endocrine and paracrine factors that influence follicular development (e.g. Hillier and Miró, 1992; Findlay, 1993; Hillier et al., 1994; Erickson and Danforth, 1995) . Little is known, however, about factors which influence whether a follicle attains or retains dominance status. Lacker et al. (1987) developed a theoretical model to predict which follicles would be 'selected' (see Gore et al., 1995a for discussion), proposing that follicular dynamics govern cycle outcome. Their model proposes that large numbers of follicles are activated at random. Follicular activity, in response to circulating concentrations of oestradiol and gonadotrophins, results in spontaneous cycles where ovulation number is tightly controlled. Thus if follicles are identical, timing of oestradiol and gonadotrophins controls the status that they achieve . Lacker and his colleagues acknowledged that their model assumes that all follicles are assigned the same developmental potential. A combination of appropriate ovarian conditions and the capacity to respond to these conditions, as well as the relationship between the oocyte and its follicle (Vanderhyden et al., 1992; Dong et al., 1996) must, however, determine whether they can cross the next developmental threshold and become dominant follicles destined to ovulate. Follicles vary in their biochemical development, as indicated by the oestradiol: testosterone ratio found in porcine follicles (Grant et al., 1989) and the oestradiol:progesterone ratio in bovine follicles (Assey et al., 1994) . In humans, Fukuda et al. (1995) found that only dominant follicles where the oocyte-cumulus complex was visible subsequently ovulated. These follicles were thus classified as healthier than dominant follicles where the complex was not visible. They concluded that visible differences among dominant follicles, detected through ultrasound, may be associated with quality. In the present study, visible differences in characteristics have been demonstrated between dominant and challenger follicles, which developed prior to or on acquiring dominant status. The follicles that attained dominance were generally distinguished by being less echogenic and more spherical with a smoother antral wall outline by late follicular phase. For antral follicle development, an appropriate level of a critical resource, follicle stimulating hormone (FSH), must be available in the ovary. When the FSH level is increased above normal cycle levels, as in superovulation, inequalities among the responsive follicles persist nonetheless. Further evidence suggestive of variations in quality among follicles has been reported by Testart et al. (1989) . They found that embryo potential differed among oocytes in each of six different stimulation regimes.
Ovarian follicle population dynamics are partly a result of interactions among follicles (e.g. diZerega and Hodgen 1981; Gore et al., 1995a) . Competition among follicles for key resources, such as space or nutrition for growth, could result in curbing population size (Gore et al., 1995a) . In the present study, the dominant follicle was associated with subsequent corona formation. The number of neighbouring challenger follicles was correspondingly reduced. Dominant follicles themselves did not appear to be visibly affected by corona formation and their location in the ovary did not seem to influence cycle outcome.
A potential advantage for the dominant follicle from the occurrence of a corona is a reduction in follicle competition and a possible increase in the nutrient level. Supplemental nutrients may be provided by the former neighbouring follicles. Atretic follicles become secondary interstitial tissue, which is known to have an important endocrine function in the ovary as a major androgen-producing tissue (Hirshfield, 1991) . Follicles in late stages of atresia secrete large amounts of androstenedione, testosterone and progesterone into the ovarian stroma (Westhof et al., 1991) . Westhof and colleagues found that non-atretic follicles exposed to these three steroids in physiological concentrations increased their secretion of oestra-2745 diol significantly. They concluded that non-atretic follicles could use these steroids secreted by atretic follicles to enhance their own oestradiol synthesis. The timing of corona occurrence in the present study coincided with the critical period for preovulatory follicle growth and therefore supplemental nutrient requirements. Persisting challenger follicles also appeared to have gained from the occurrence of a corona. The reduced number and consequently the physical pressure of fluid-filled antral follicles in the ovary was associated with persisting challengers being rounder in shape. Roundness was related to dominant and preovulatory status and quality in large antral follicles.
The question then arises as to what mechanism could have caused the loss of antral follicles leading to a corona formation. One potential mechanism for rapid follicle disappearance may be internal ovulation of the challenger oocytes (SpanelBorowski and Aumüller, 1985) . The follicle remnant would then undergo atresia. Internal ovulation alone would not explain the distribution in the ovary of challenger follicles disappearing. Atresia, and subsequent follicle disappearance, may occur as a result of a change in the circulating hormone level of an ovary (Zeleznik and Hillier, 1984, review: Zeleznik, 1993) . A change in circulating hormone level again would not explain the synchronous appearance of a well-defined zone clear of all visible antral follicles around the dominant follicle. Furthermore, the results showed that coronas did not occur around challenger follicles nor in the contralateral ovary. A corona formation resembled the result of a concentration gradient effect of a substance being secreted by the dominant follicle. This suggests a third mechanism, a toxic or growthinhibiting substance secreted by the dominant follicle, as suggested by Nayudu and Osborn (1992) and by Fortune (1994) . A potential causal substance is oestrogen, which is a major secretory product of preovulatory follicles. Local detrimental effects on follicles through long exposure of oestradiol have been shown in vivo (Dierschke et al., 1985; Koering et al., 1994) . Potential non-steroid substances have also been suggested. Recently, Hynes et al. (1996) proposed a granulosa cell-inhibiting factor that may restrict granulosa cell proliferation in competing follicles in both ovaries of rats. In the present study, dominant follicle coronas appeared to affect the challenger follicle population in the ipsilateral ovary, but not themselves. In the contralateral ovary, the only change observed in challenger follicles was their increased echogenicity on the day of a corona. A low FSH level near to ovulation day may enhance the negative effect of high oestrogen on the challenger follicles. Therefore, a corona would not be expected to form in stimulated cycles if excess FSH protected the antral follicles from local effects of excess oestrogen. Perhaps the use of folliculocentesis (Ahmed Ebbiary et al., 1995) to sample fluid from the dominant follicle and its environment would allow the potential inhibiting substance to be identified.
The corona is an example of a localized, negative effect of a dominant follicle on the surrounding follicle population. The possible effect of location of a dominant follicle, however, has received limited attention. Position in the ovary, relative to blood vessels and competing follicles, may be important to the fate of follicles (Koos and LeMaire, 1983) . Koering et al. (1991) suggested that location in the ovary could play a role in primordial follicle development in rats. An optimal ovulation location might be the fimbrial end of the ovary (BomselHelmreich et al., 1979) . From this location, the oocyte has the least distance to travel to the oviduct. In the present study, however, neither dominant nor challenger follicles showed a preferred position among five peripheral locations in the ovary. Preovulatory follicles also did not differ in their visible characteristics in relation to location. The apparent randomization of location could be advantageous to both follicles and ovary. Ovulation has many characteristics of an inflammatory event (Farookhi, 1981; Espey, 1994) and localized damage to the ovary occurs (Murdoch 1994) . The increase in fibrotic tissue might reduce subsequent local follicle quality and slow follicular development. The observed alternation between ovaries for ovulation (see Fukuda et al., 1996) would allow the ovary that had just ovulated to recover. Ovaries that do not alternate may be at a disadvantage. A study by Fukuda et al. (1996) supports this proposal. They found that dominant follicles in subsequent contralateral ovulatory cycles were found to be healthier than ipsilateral ones and produced a higher pregnancy rate.
In conclusion, an antral follicle has to attain dominance for ovulation within a relatively short time, competing against other potentially dominant follicles for the same resources.
The dominant follicle appears to increase its competitive advantage over challenger follicles. In the present study, dominant advantage was postulated to be achieved by corona formation. Increased supplemental nutrient requirements at a critical developmental stage for antral follicles were proposed to result from corona formation. We have further suggested that the apparent randomization of location in the ovary may provide a developmental advantage to a dominant follicle. The competitive advantage would be achieved in an area of the ovary which was inactive in the previous cycle.
